Management of phosphorus (P) in acid soils is becoming more challenging in the anticipated scenario of potential phosphate crisis in agriculture, because the P-use and -recovery efficiencies (PUE and PRE) of existing P management methods are notoriously low in acid soils. This investigation reported a rhizosphere-based P management method for improving P nutrition of rice (Oryza sativa L.) seedlings at the time of transplantation in order to support better root growth on post transplantation. By performing two independent incubation experiments, the critical doses of orthophosphate and incubation duration for seedling root-dip (SRD) in single super phosphate (SSP) amended soil slurry (a sandy clay loam Inceptisol, pH 4.3) were found to be 112.5 mg P kg -1 soil and 10 h, respectively using the critical curve approach. In field experiments, the rhizosphere-based P method (SRD in soil slurry + phosphate solubilizing bacteria, PSB + rock phosphate, RP (30 kg P 2 O 5 ha -1 ) performed better than SSP broadcast as basal application (60 kg P 2 O 5 ha -1 ) in terms of more root volume and P uptake of shoot and root at 45 days after transplantation (DAT), higher P uptake and content in rice grain and straw, enhanced PUE and PRE, comparable grain yield and 50% reduction in P fertilizer input quantity. This rhizosphere based P management (SRD in soil slurry+PSB+RP) method may be vigorously exploited for managing P nutrition in transplanted rice grown in acid soils.
Introduction
The limited availability of phosphorus (P) for rice plant growth in highly weathered acid soils of tropics and sub-tropics is an emerging threat to the food security of the half of the world's population (FAO-STAT, 2016) . Rice production is mainly constrained by low P-use efficiency (PUE) and P-recovery efficiency (PRE) in acid soils (Fageria et al., 2015) , because P added to acid soils is fixed (50 to 90 % of applied phosphatic fertilizer) as insoluble phosphates of Al +3 and Fe +2 (Bhattacharyya et al., 2015; Redel et al., 2016) . Though the application of phosphatic fertilizers had dramatically increased yields of rice from an acreage of 30-40% of world's arable land (Bijay-Singh and Singh, 2017) those belong to Inceptisols, Oxisols, Alfisols, and Ultisols concentrated in Brazil, Columbia, Venezuela, Central Africa, and Southeast Asia, but low PUE (< 20 to 25%) and PRE (approximate 10%) has been reported (von Uexküll and Mutert, 1995; Wardle et al., 2004; Fageria et al., 2014) . In Inceptisols, Oxisols, Alfisols, and Ultisols, the recommended rate of P 2 O 5 for rice production is up to 60 kg ha -1 (Fageria et al., 2015; Bijay-Singh and Singh, 2017) . Due to the increasing demand of inorganic P fertilizer in agriculture, we are depleting our future's P reserve quota (Ayoub, 1999) in the anticipated scenario of global P production peak by 2033 (Cordell et al., 2009 ) and potential phosphate crisis by 2050 (Gilbert, 2009) . In this anticipated P crisis in the near future, there is no substitution of P in agriculture. Under these circumstances, the strategies for P management in agriculture must focus on minimization of quantity of applied-P (Richardson et al., 2009) , possibility of recycling (Ashley et al., 2011) , and the rhizosphere-based P management through innovative method of P application (Martínez et al., 2015) . In the past two decades, significant progresses have been made in understanding the soil, rhizosphere, and plant processes associated with soil P-transformation, -mobilization, -acquisition, and -deficiency responses, etc. (Faucon et al., 2015) . These findings indicated that specific recommendation for P placement either as broadcast or band methods are difficult, because the P application method and its placement choices are dependent on soil type and growing condition. Application method can offset the effects of P fixation by soils and increase P efficiency. So, there is a need to develop P application method, which can support better root architecture at the early stage of crop growth for exploration of more soil volume and thereby enhancing more nutrient uptake. Increase of tissue P concentration at seedling stage can lead to better root development. Dipping of rice roots in single superphosphate (SSP)-soil slurry just before transplanting can save P-fertilizer up to 40-60% of the recommended P dose applied in conventional practice and increases PUE and PRE (Ru-kun et al., 1982; Hooper, 1991; Balasubramanian et al., 1995; Talukdar et al., 2001 ). Lu et al. (1982) reported that the dipping of rice seedling roots in fertile soil or compost and water slurry in definite proportion (1:1 to 1:5) enhances rice yield. These past findings though confirmed the usefulness of root dipping methods of P application for higher PUE and the requirement of reduced quantity of applied-P; a few questions pertaining to this method remains to be answered. For example, none of the past studies indicated the optimum P concentration and incubation duration for dipping of rice seedling roots in SSP added soil-water slurry method of P application (hereafter referred as SRD in SSP Soil Slurry). With this background, this study aimed to determine the optimum P concentration and incubation duration for SRD in SSP Soil Slurry method of P application and evaluate comparative efficiency of this method in presence or absence of phosphate solubilising bacteria (PSB) and broadcast method of P application in field condition.
Materials and Methods

Experimental location and description of soil
In order to determine the critical dose of P and the optimum incubation duration for dipping of rice seedling No inorganic fertilizer was applied in the seeding bed.
Twenty (21) days old uniform seedlings were uprooted and roots were washed under running tap water.
These uniform fresh rice seedlings were used in the incubation experiments for determination of the critical P dose and the optimum incubation duration for SRD in SSP Soil slurry method.
Incubation experiment-I: the critical P dose for SRD in SSP Soil Slurry
Altogether 54 plastic beakers (cap. 500 ml) were arranged to impose 9 levels of P doses (0, 25, 50, 75, 100, 125, 150, 175 , and 200 mg P kg -1 soil) as SSP and each level had 6 replicate beakers. Bulk quantity of soil from hill terrace rice field was collected, air dried and sieved (1 mm opening). The sieved soil (100 g) was distributed to each beaker and 40 ml water was added to make soil-water slurry (2.5:1). In each beaker, roots of 10 seedlings were dipped for 12 h at 28±1°C maintained inside an environment controlled greenhouse. After incubation, rice seedlings were taken out, roots were cleaned under running tap water, and then washed in 0.01 N HCl followed by several washings with de-ionized water and oven-dried at 65°C to constant weight. Dried seedlings (inclusive of roots) were ground in Willey Mill and digested in a mixture of HNO 3 /HClO 4 (3:1), and concentration of P was determined by the ammonium metavanadate procedure for colour development followed by absorbance read using double-beam spectrophotometry (Thermo Scientific, USA). Available P (AvlP) content in SSP Soil slurry was also determined. The P concentration and uptake curve against graded doses of slurry P was drawn and the critical concentration of P dose was determined as per procedure described by Cate and Nelson (1971) .
Incubation experiment-II: the optimum duration for SRD in SSP Soil Slurry
Soil-water slurry was prepared similar to the procedure described for the incubation experiment-I. Altogether 42 plastic beakers (cap. 500 ml) were arranged to impose 7 time intervals (0, 4, 8, 12, 16, 20 and 24 h) of incubation duration and 6 replicate beakers were maintained for each time interval. In this experiment, the critical dose of P (112.5 mg P 2 O 5 kg -1 soil as determined from the experiment-I) was uniformly applied to all beakers. In each beaker, roots of 10 seedlings (21 days old) were dipped and incubated at 28±1°C
inside an environment controlled greenhouse. At each time interval, rice seedlings from 6 replicate beakers were taken out and processed similar to that described in the experiment-I. Finally, the P concentration and uptake curve against time intervals was drawn and the optimum duration for SRD in SSP Soil Slurry was determined as described above (Cate and Nelson, 1971) .
Field experiment
The fields were remained under rice mono-cropping for last 5 years. For field experiment-I, the maximum and minimum temperature in study sites ranged from Table 1 .
In field experiment-I, the entire rice field was divided into 28 nos. uniform plots and each plot size was 20 sqm (4m x 5m). Altogether 7 treatments were imposed in a completely randomized block design.
The treatment combinations were: (1) (Harrington et al., 1994) . Uptake of P in biomass (root plus straw for pot experiment), straw and grain was determined by multiplying P content (%) with their corresponding yield data. P use efficiency (PPE) and P recovery efficiency (PRE) 
Soil and plant tissue analysis
Five soil cores (0-15 cm depth) per plot were pooled together to make 1 composite soil sample per plot at the harvest time for field experiment-I and at 45 DAT for field experiment-II. The half split of each composite sample was stored immediately at 4 °C in laboratory for acid-phosphomoesterase activity (PHA) determination by standard protocol (Tabatabai and Bremner, 1969) . The other half split was air-dried and analyzed for pH and soil available P (AvlP) as per the standard methods (Table 1) . For determination of tissue P content, plant sample was digested by using diacid mixture (HNO 3 +HClO 4 ) in 3:1 ratio and developed yellow colour using vanadomolybdo-phosphoric acid reagent. The uptake of P in biomass, straw and grain was determined by multiplying P content (%)
with their corresponding yield data.
Statistical analysis
All statistical analyses were performed using SPSS 
Results
The critical dose of P for SRD in SSP Soil slurry
The dry weight of 21 days old seedlings ranged from 0.97 to 1.02 g per seedling and they were statistically comparable (P>0.05, one-way ANOVA). In incubation experiment-I, dry biomass P content and uptake of seedlings increased with the increasing doses of P and reached the maximum tissue P content (0.50%) and uptake (5.0 mg P g -1 dry biomass) at the dose 125 mg P kg -1 soil ( Figure 1A ). Increase in P doses beyond 125 mg P kg -1 soil decreased biomass P content and uptake of rice seedlings. The maximum biomass P content and uptake of rice seedlings at the P dose 125 mg P kg -1 soil was significantly higher compared to that in other P doses (P < 0.05), except the next higher dose (150 mg P kg -1 soil). The critical P dose from the Cate and Nelson curve was found to be 112.5 mg P kg -1 soil at 90% of the maximum relative P content and uptake ( Figure 1B) . The content of soil AvlP in SSP Soil slurry after 12 h incubation was significantly varied among graded P doses (P<0.05, Figure 2A ).
The lowest content of soil AvlP was in the SSP Soil slurry without P dose (control) and then AvlP content increased with the increasing P dose and reached a threshold value at the dose 125 mg P kg -1 soil ( Figure   2A ). The differences in the content of soil AvlP among P doses at 125 mg P kg -1 soil and above were non-significant (P > 0.05, Figure 2A ). Figure 1 . Effect of graded doses of orthophosphate (as SSP) in soil:water slurry on (A) the content and uptake of P in dry biomass of rice seedlings (HYV: Shahsarang, 21 days old) in response to root dipping for a duration of 12 h, and (B) the critical curve of P application dose deduced based on the relative P uptake, as proposed by Cate and Nelson (1971) in biomass of rice seedlings. Each point on the curve represents the mean of 6 replicates.
Figure 2. Effect of incubation duration (from 0 to 24 h at 4 h interval) on (A) the content and uptake of P in dry biomass of rice seedlings (HYV: Shahsarang, 21 days old) in response to root dipping in soil:water slurry amended with SSP (-112.5 mg P kg -1 soil), and (B) the critical curve of incubation duration deduced based on the relative P uptake, as proposed by Cate and Nelson (1971) in biomass of rice seedlings. Each point on the curve represents the mean of 6 replicates. content and uptake increased with the increasing incubation duration and reached the maximum P content (0.48%) and uptake (4.76 mg P g -1 dry biomass) at 12 h duration. Afterwards increase in incubation duration decreased biomass P content and uptake, but differences were not statistically significant ( Figure   3A ). The maximum biomass P content and uptake in rice seedlings at 12 h incubation duration was signifi-
The optimum incubation duration for SRD in SSP Soil Slurry
In the incubation experiment-II, the critical concentration (112.5 mg P kg -1 soil) obtained from the incubation experiment-I was applied uniformly to soil slurry for different incubation duration (ranged from 0 to 24 h at an interval of 4 h; Figure 3A ). The dry biomass P
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cantly higher compared to that in incubation duration lesser than 12 h (P < 0.05, Figure 3A ). The critical incubation duration from the Cate and Nelson curve was found to be 10 h at 90% of the maximum relative P content and uptake ( Figure 3B ). Soil AvlP content was the highest in SSP Soil Slurry at 0 h and then decreased with increasing incubation duration and reached the lowest content at 12 h. Afterward soil AvlP content slightly increased with higher incubation duration, but the difference was non-significant with 12 h incubation duration (P > 0.05, Figure 2B ). DAT, grain yield, straw yield, biological yield and harvest index), and the differences between application methods in terms of these parameters were significant (P<0.05, Table 2 ). The maximum number of effective tillers produced in SSP root dip+PSB+RP applied plots followed by the comparable numbers in SSP-root-dip plots and SSP broadcast plots ( Table 2 ). The maximum root volume was produced in SSP-root-dip+PSB+RP plots followed by the comparable root volume in SSP-root-dip plot and the significant lesser volume in SSP broadcast plots ( Table 2 ). The effective number of tillers and root volume of rice in PSB+RP treated plots were comparable with that in SSP broadcast plot (P > 0.05), but significantly lesser than that in SSP-root-dip and SSP-rootdip+PSB+RP treated plots (P < 0.05; Table 2 ). Grain, straw and biological yields were significantly higher in all P treated plots compared to that in no P input control plots (P < 0.05, Table 2 ). The highest grain yield achieved was in SSP-root-dip+PSB+RP plots, and the grain yield between SSP broadcast plots and SSP root-dip+PSB+RP plots were comparable (P > 0.05). The increase in grain yield over control (no P input) plot was in order of SSP root-dip+PSB+RP (55.4%) > SSP (52.9%) > SSP-rootdip (47.8%) > PSB+RP (32.5%) > PSB (12.1%) > RP (8.3%). The straw and biological yield was significantly higher in SSP broadcast plot compared to all other treatment plots (P<0.05), except SSP-root-dip+PSB+RP and SSP-root-dip plots that produced comparable straw and biological yields (P > 0.05, Table 2 ). Harvest index of rice was the highest in SSP-root-dip+PSB+RP plots, which was comparable to that in SSP-root-dip, PSB+RP, and SSP broadcast plots (P > 0.05, Table 2 ). The harvest index of rice was significantly lesser in control and RP broadcast plots than that in other P treated plots. The content and uptake of P in grain and straw of rice were significantly higher in SSP-root-dip+PSB+RP plots than that in other P treatments (P < 0.05, Table   3 ). The second highest P content and uptake in grain and straw of rice were in SSP broadcast plot and were significantly higher than that in rest of the P treatments (P < 0.05).
At harvest, soil AvlP content was the highest in PSB+RP plots followed by the comparable P content in RP broadcast plots and SSP-root-dip+PSB+RP plots (P > 0.05, Table 3 ). Soil AvlP contents between PSB alone plots and SSP-root-dip plots were comparable, but these values were significantly lesser than that in RP broadcast plots, SSP-root-dip+PSB+RP plots, and PSB+RP plots (P < 0.05, Table 3 ). Soil PHA activity in control plots, RP broadcast plots, and SSP broadcast plots were comparable (P > 0.05, Table 3 ) and these values were significantly lesser than that in PSB, PSB+RP, SSP-root-dip, and SSProot-dip+PSB+RP plots (P < 0.05). The highest PHA activity was in PSB plots, which was significantly higher than the 2 nd highest PHA activity in PSB+RP plots (P < 0.05, Figure 3 ). The PHA activity in SSProot-dip, and SSP-root-dip+PSB+RP plots were comparable (P > 0.05) and these values were significantly lesser than that in PSB plots and PSB+RP plots (P < 0.05, Figure 3 ). Due to no addition of fertilizer inputs in PSB alone and control plots, PUE and PRE could not be calculated. Apart from PSB alone and control plots, there were significant differences among other treatment plots in terms of PUE and PRE (P < 0.05; Figure 4 ). The PUE and PRE were the highest (2071 and 1.49, respectively) in SSP-root-dip plots followed by 78 and 0.13, respectively in SSP-root-dip+PSB+RP plots. The PRE was found comparable between SSP broadcast and PSB+RP plots. The PUE was higher (69) in PSB+RP than that (40) in SSP broadcast and these values were significantly higher than that (28) in RP broadcast plots (P < 0.05, Figure 4 ). , mean values (columns) with different letters indicate statistically significant difference at P ≤ 0.05, as determined by one-way ANOVA incorporating Tukey's Honestly significance difference for multiple pair-wise comparisons. Each value (dendrogram) represents the mean of 4 replicate measurements. Note: SSP Soil slurry showed exceptionally high PUE and PRE due to the addition of little quantity (7.0 kg) of SSP in soil:water slurry. The PUE and PRE were not calculated in control (no P input) and PSB plots due to no addition of external P inputs. Table 4 . The comparative performance of SRD in SSP soil slurry+PSB+RP method relative to the conventional method of P management in terms of growth and yield of rice grown in a fertile acid soil under field experiment-II.
Value represents mean ± standard deviation (n = 50 hills per treatment). a N/P 2 O 5 /K 2 O at 80:60:40 kg ha -1 as urea, SSP and MOP.
b Seedling root dipping in soil slurry amended with SSP at 112.5 mg P 2 O 5 kg -1 soil for 10 h followed by root-dipping for 1 h in PSB slurry and RP broadcast at 30 kg P 2 O 5 ha -1
Field experiment-II in fertile acid soil
Rice grown under SSP-root-dip+PSB+RP plots and conventional P method plots produced comparable dry shoot weight hill -1 at 45 DAT and effective tiller no. hill -1 and no. of grains panicle -1 at harvest (P > 0.05; Table 4 ). Both nutrient management regimes were also comparable in terms of straw yield, but grain yield was significantly higher in SSP-root-dip+PSB+RP plots as compared to that in conventional P method plots (Table 4) . Similarly, HI of rice was significantly higher in SSP-root-dip+PSB+RP plots than that in conventional P method plots (Table 4) .
The shoot and root P content and uptake at 45 DAT were comparable between SSP-root-dip+PSB+RP plots and conventional P method plots (Table 4) . In our incubation experiment-I, biomass P content and uptake by rice was decreased beyond orthophosphate dose at 125 mg kg -1 soil. Rice seedlings may expose to a toxic level of Pi concentration beyond 125 ppm dose. Lee et al. (1990) mentioned that when plants have an adequate supply of P i up to certain maximum concentration and are absorbing it at a rate that exceed demand, plant cell try to prevent the accumulation of toxic Pi concentrations through a number of processes like production of phytic acid within cell, reduction in rate of P i uptake from outside solution, P i loss by efflux, etc. (Bieleski and Ferguson, 1983) . So, reduction in P content and uptake at higher doses of P concentration beyond 125 mg kg -1 soil was probably due to osmotic effects (Navarro et al., 2001 ). This study clearly revealed that the optimum dose of or- AvlP at 125 mg kg -1 soil P dose. These findings clearly revealed that higher P dose above 125 mg kg -1 soil in soil:water slurry (at least for sandy clay loam Inceptisol and pH 4.31) didn't increase P uptake in rice seedling (HYV cultivar) indeed P uptake decreased.
Results from the incubation experiment-II indicated that the highest P content (0.48%) and uptake (4.74 mg g -1 dry biomass) of rice seedlings was achieved at 12 h incubation. The decrease in the content and uptake of P in rice seedlings was evident beyond 12 h incubation. The maximum content and uptake of
Discussion
Phosphorus management for crop production in acid soils needs refinement in order to reduce the application dose of phosphatic fertilizers with enhanced PUE and PRE in the anticipated scenario of the depletion of future's P reserve quota and the potential phosphate crisis globally by 2050. To achieve this goal, this investigation developed a rhizopsheric phosphorus management method i.e. SRD in SSP soil slurry method and for which the critical dose of P and the optimum incubation duration were determined. The philosophy of this P management method is to feed rice seedlings with excess P so that early root growth can be supported on transplantation in a constrained environment like acid soils. Supporting root growth at the early establishment stages of a crop is one of the important strategies in the rhizosphere-based P management in problematic acid soils (Richardson et al., 2009) . From the incubation experiment-I, it was evident that rice seedlings were able to take up 2.3 mg of more P per g dry biomass at the P application dose 125 mg kg -1 soil in the soil:water slurry over control (Figure 1A) . This excess quantity of P was taken up by rice seedlings within 12 h incubation duration. Thus, rice seedling possesses the ability to uptake excess P from a concentrated soil slurry and hence, SRD in SSP Soil slurry could be a valid P management technology. Phosphorus concentration in root cells of rice can be up to 1000-fold higher than the P concentration in soil solution (Ramaekers et al., 2010) . Talukdar In the field experiments, yield of rice was positively influenced due to different P management methods and the increase of grain yield in SSP broadcast, PSB+RP, SSP-root-dip, and SSP-root-dip+PSB+RP plots over control (no P input) plots were 52.9 %, 32.5 %, 47.8 %, and 55.4 %, respectively ( Table 2) (Chatterjee, 2005) . The roots of rice seedlings after uprooting from nursery bed, when incubated overnight in SSP amended soil-water slurry, seedlings uptake maximum possible P which help them in development of robust root system at the early stage of crop growth (Talukdar et al., 2001) . Thus, robust root system can explore more soil volume and can uptake more P which is immobile by nature in soil (Arruda et al., 2016 for P to plants throughout the growing period. This was also evident from soil AvlP status at harvest that PSB+RP plots and SRD in SSP Soil slurry+PSB+RP plots maintained significant higher level of soil available P pool at harvest in spite of maximum P uptake in grain and straw. This might be due to the addition of sparingly soluble RP along with PSB inoculation. Because RP is able to replenish the soil solution P i pool through PSB mediated slow dissolution of RP over the time and also contribution of organic P to solution P through higher PHA activity of PSB. These results were supported by the past finding that RP maintained higher amount of AvlP in soil than SSP (Mandal and Khan, 1972) . Again, the combined application of RP and PSB further increased soil AvlP compared to their individual application (Thakuria et al., 2009; Borges Chagas et al., 2015) . Thus, it seems that PSB+RP and SRD in SSP Soil slurry+PSB+RP application could maintain a synchrony between the supply of soil AvlP and the rate of P uptake in plant over the crop growing period. However, this phenomenon didn't hold true in SSP broadcast plots. Because, SSP broadcast plots failed to maintain higher level of soil AvlP pool at harvest. Though SSP broadcast plots supported higher P uptake in grains and straw, but PRE and PUE were much lower. The usefulness of SRD in SSP soil slurry+PSB+RP was also visible in fertile acid soil (clay loam Inceptisol having pH 5.56) under field experiment-II. The SSP soil slurry+PSB+RP plot able to support early root growth and P concentration in root and shoot at 45 DAT. Further, it was also evident that SSP soil slurry+PSB+RP plot was able to produce rice grain yield up to 5.8 t ha -1 which was significantly higher than 5.63 t ha -1 achieved under conventional method of P management (N/P 2 O 5 /K 2 O at 80:60:40 kg ha -1 ). Overall, it was conclusive that the combined application of SRD in SSP Soil slurry+PSB+RP supported higher grain yield of rice compared to that in conventional method of P management under both infertile and fertile acid soils, and also maintained greater soil AvlP pool in spite of enhanced P uptake, PUE and PRE.
Conclusions
This investigation for the first time reported the op- 
